The study of the dependence of surface mode dispersion on the termination of multilayer stacks reveals interesting features. For stratified media with high-refractive-index contrasts, surface modes can shift across several bandgaps if the thickness of the final layer is changed. The distance to the photonic band edge influences the decay length of the mode inside the multilayer stack. In the middle of the bandgap, the electromagnetic energy is concentrated in the final layer of the crystal, while near bandgap edges the decay length extends over several periods. Additional evidence suggests that surface modes behave like guided modes that can couple with the extended Bloch modes and give rise to evanescent field profiles oscillating along several periods. © 2008 Optical Society of America OCIS codes: 240.6690, 230.4170. A key factor for reducing the size of optical components is confining light within evanescent waves. These nonradiative modes pertain to near-field optics, which deals with phenomena occurring on distances of the order of the wavelength, or even smaller. At this scale, electromagnetic properties result from the size, the geometry, and the environment of the medium. A typical case is the propagation of surface waves on optical stratified media [1] . Surface modes in stratified media have diverse possible applications, thanks to the sensitivity of these modes to the surrounding medium. One can take the benefit of surface waves for thin films characterization [2], for filtering [3] , or for improving the coherent thermal emission [4] .
A key factor for reducing the size of optical components is confining light within evanescent waves. These nonradiative modes pertain to near-field optics, which deals with phenomena occurring on distances of the order of the wavelength, or even smaller. At this scale, electromagnetic properties result from the size, the geometry, and the environment of the medium. A typical case is the propagation of surface waves on optical stratified media [1] .
Surface modes in stratified media have diverse possible applications, thanks to the sensitivity of these modes to the surrounding medium. One can take the benefit of surface waves for thin films characterization [2] , for filtering [3] , or for improving the coherent thermal emission [4] .
Only a few studies have focused on the physical origin or nature of the surface waves in multilayer systems. The fundamental papers on this subject, both theoretical [5] [6] [7] and experimental [8] , are restricted to studies of surface wave properties. More precisely, the dependence of surface waves on the termination of one-dimensional (1D) photonic crystals (PCs) has been studied. The differences between finite and semi-infinite structures have also been discussed. For instance, two surface waves existing at each side of the structure can couple for finite systems.
Our aim is to clarify the nature of electromagnetic surface waves in 1D PCs. We start this study by analyzing the dispersion of these modes as a function of the thickness of the final layer of the semi-infinite layered medium, i.e., the layer that is in contact with the surrounding medium. For specific conditions, surface modes can cross photonic bands [5, 6] . Here, we analyze the behavior of these modes at the crossing points. A mode entering the photonic band will possess an oscillating profile inside the multilayer stack and lose, by definition, its surface character (i.e., an exponential decay of the wave at both sides of the interface). Although our demonstration is carried out for a defined polarization and given geometry, it can be generalized.
The period a of the multilayer stack is made of two planar slabs described by their dielectric constant, 1 = 2.25 ͑SiO 2 ͒ and 2 = 13.00 (GaAs), respectively. At this point, we have to note that each slab taken individually cannot support any surface states. Indeed, the permittivities of the slabs are not negative in this range of frequencies and cannot satisfy the condition for the existence of surface waves [9] . The Z axis is the direction normal to the film surfaces, and the Y axis is the direction parallel to the slabs. The plane of incidence is completely defined by these two directions. The thickness of each layer is defined by d, which is here taken equal to half of the period length ͑d = a /2͒. The stratified medium is semi-infinite. Thus there is only one final layer in this case, the slab with 2 = 13.00. The thickness of the final layer is d, where we chose to vary the parameter from 0 (no layer) to 1 (complete layer). can be viewed as a filling factor for the final layer. The surrounding medium is vacuum. We know that in the 1D electromagnetic problem the two polarizations transverse electric (TE) and transverse magnetic (TM) separate. In order not to lose generality, we chose TM polarization for which the magnetic field is perpendicular to the plane of incidence. Finally, we fixed the lateral component of the wave vector to k y a /2 = 1.5. To calculate the dispersion curves of surface modes, we solved Maxwell's equations exactly. For stratified media, solutions can be written as continued fractions, allowing us to model semi-infinite structures [10] .
Termination of 1D PCs influences the position of surface waves in the band structure. In the case of a high-refractive-index termination, the associated surface modes shift toward low frequencies if the thickness of the final layer is increased gradually from zero (Fig. 1) . The theory of energy carriers in PCs [11, 12] explains this shift. As vacuum is here replaced by a material with a higher refractive index, a donor state is created in the band structure, implying a redshift in frequency. As increases from 0.0 to 0.2, the surface wave appears under the fourth photonic band. When the thickness of the final layer is increased, the mode downshifts, and for a complete layer ͑ =1͒ it stays above the first photonic band [5] . It is interesting to notice that new modes pop up as is increased. All these modes appear in such a way that they are alone in each bandgap. The slope of the dispersion curve differs for each mode depending on the behavior of the field in both layers of the period. For instance, below a /2c = 1.0, waves are evanescent in the low-refractive-index layer but have a propagating behavior in the high-refractive-index layer.
In the bandgaps, extended modes do not propagate. For a frequency inside these spectral regions, a purely real Bloch wave vector does not exist. In this specific case, Bloch waves are evanescent and exponentially decay. Although evanescent waves are solutions of Maxwell's equations, they do not satisfy the periodic boundary conditions. When they lie in the bandgap, surface modes thus have an evanescent field profile in the multilayer stack. We can calculate the associated decay length ␣ inside the structure. We have done this calculation for the third dispersion curve ending at a /2c = 0.8726 for = 1.0 in Fig. 1 . As we can see in Fig. 2 , in the third gap, the electromagnetic energy is mostly localized in the first incomplete layer [6] . This is confirmed by the confinement of the magnetic field intensities inside the first periods [ Fig. 2(a) ]. The decay length ␣ takes values only near the bandgap edges [6] . The field extends over 30 periods [ Fig. 2(b) ], and these observations can be repeated for each bandgap. The spectral range covered by the bandgap has an influence on the decay length. For instance, the bandgap located in a /2c = 1.2 is so tiny that the exponential decay extends over 40 or even 60 periods. We can see that photonic bands resulting from the periodic assembly of layers mainly influence optical modes in their neighborhood.
A careful analysis of the field profile (Fig. 3 ) reveals that the maximum of intensity of the exponential envelope is not at the vacuum-photonic crystal interface but inside the final layer [6] . This contradicts the definition of surface states in electromagnetism. Indeed, a surface mode is one for which the field amplitude reaches its maximum at the interface and decays exponentially on both sides. If we consider only the final layer, the field profile is reminiscent of the profile of a guided mode.
In the past, Yeh has presented a different description of surface waves propagating in stratified media based on perturbation theory [13] . A semi-infinite 1D PC can be considered as a set of interacting waveguides. Each waveguide consists in a period of the multilayer stack. All modes have the same energy, and they fill the continuum of states. Only one guided mode remains in the bandgap. The "final" waveguide in contact with vacuum is not in the same environment as the others, and the associated mode is thus rejected in the bandgap. This latter refers to a waveguide mode supported by the few periods near the termination.
To check this argumentation, we calculate the guided modes of a dielectric slab defined by a dielectric constant 2 = 13.00 and a thickness d. The waveguide is surrounded by vacuum on one side and by an infinite substrate of dielectric constant 1 = 2.25 on the other side. Figure 4 compares the waveguide mode (solid curve) and the surface modes (circles). In the spectral region of Fig. 4 , agreement is perfect because the fields are evanescent in the low-refractiveindex layer. The penetration of the field inside the latter layer is so small that we can replace the multilayer stack by a homogeneous infinite substrate. The match is excellent in the middle of the bandgap, even though a little part of the electromagnetic energy is also localized in the second highrefractive-index layer [ Fig. 2(a) ]. Near bandgap edges, dispersion curves of the surface mode and of the guided mode differ (inset of Fig. 4 with photonic band situated around a /2c = 0.655). This is not surprising, because in this case we observed that the evanescent decay of the surface wave covers several periods [ Fig. 2(b) ].
In fact, the surface mode behaves more like a guided mode. Near photonic bands, we observe a coupling between the guided mode and a Bloch mode. This hybridization is so strong that we can see an anticrossing process (inset of Fig. 4 with photonic band situated around a /2c = 0.85). Indeed, at both sides of the photonic band, two "surface modes" appear simultaneously (i.e., for the same value of ). It is difficult at this point to quantify the appearance of the two surface waves. We can say that they appear for small values of the filling factor and high frequencies . Two surface waves also appear if the highrefractive-index layer is thicker than the lowrefractive-index layer, in the period of the multilayer. We want to stress that an attenuated total reflection experiment would verify the existence of the two surface waves very easily.
Bandgaps above a /2c = 1.0 are narrower, and a strong coupling persists between the extended Bloch mode and the localized guided mode. In addition, fields are no longer evanescent in the low-refractiveindex layer. So this certainly facilitates the coupling because the field confinement decreases in the first incomplete layer. This is the reason why, in the bandgap localized around a /2c = 1.2, we observed field distribution with an exponential decay extending over 40 and even 60 periods (Fig. 2 ).
Fields associated with Bloch modes are extended, i.e., repeated periodically in the structure. On the other hand, lattice imperfections (here, the brutal termination of the 1D PC) concentrate the field in their vicinity. Thus the total field is a mixing of both. As a result, we observe a Bloch mode being modulated by an exponential decay (Fig. 3) . The theory of perturbed PCs derives wave equations for the field envelope of the optical modes of defects within crystal lattices. We may cite here the case of localized defects, described by Wannier-like functions [12] .
In conclusion, we have shown that the defect mode due to the termination of a 1D PC is a localized state. However, coupling is possible with the extended Bloch mode. In this particular case, the decay length increases and can cover many periods. Coupling can be so strong that we also notice an anticrossing process near the photonic bands leading to two "surface modes" at both sides of the bands.
